This paper reports the damage evolution in ASME T92 welded joints during creep process. The creep test was conducted at 650 C with applied stress of 90 MPa. The creep specimen was ultimately fractured at the fine-grained heat affected zones after creep for 1560 h. The metallographic results show that the cavity number and size in fine-grained heat affected zones increase with the creep time. The coalescence of creep cavities happened at the late stage of the creep life, which depending on the adjacent voids grows and propagates into the micro-crack. Besides, the deterioration in fine-grained heat affected zones of T92 steel welded joint with various creep time can be simulated based on the continuum damage mechanics with modified Kachanov-Rabotnov constitutive equation. The result of simulated creep rupture life is in good agreement with the experimental value, which indicates that the continuum damage mechanics can be used to predict creep life and evaluate creep deterioration in a T92 steel welded joint.
boilers, the USC boilers can lead to both an increase of 4-10% in thermal efficiency and a reduction of 18-22% in CO 2 emission. In the meantime, those materials possessing higher creep property and oxidation resistance are urgently needed to adapt to such kind of severe service conditions (Chen et al., 2012; Gong et al., 2011; Liu et al., 2015) .
9%Cr heat resistant steels are the critical materials for the components of USC boilers, such as steam headers, reheaters, and turbine parts. The modified 9%Cr steel (ASME T/P91) was developed in the USA by the Oak Ridge National Laboratory in the 1970s. Compared with the former 9Cr1Mo steel (EM12), the creep strength has been significantly improved in the T/P91 by adding the chemical compositions such as V and Nb. These elements lead to the formation of fine V and Nb-rich precipitates so as to retard the dislocation movement. Based on the development of T/P91, ASME T/P92 steel has been developed in the 1990s, carried out by the Nippon Steel Corporation of Japan. The addition of W and Mo elements in T/P92 steel plays an important role of solution strengthening, as a result, at the same conditions of pressure and temperature, the permissible stress of T/P92 has been significantly improved compared with the T/P91 steel Chang et al., 2015; Erten et al., 2017; Li et al., 2009) .
Currently, the ASME T/P92 steel (9Cr-1.8W-0.5Mo-NbV) has been widely used in thermal power plant components, since it has high creep fracture strength, good corrosion resistance, and excellent weldability. Nevertheless, it was also reported that the premature failure frequently occurs at the welding heat affected zone of these steels, due to the type IV cracking often taking place in the fine-grained heat affected zones (FGHAZs). The evolution process of the IV cracking involves the cavity nucleation, growth, and coalescence. Then, the micro-cracks form and progressively propagate into the macrocracks, which cause the intergranular fracture of the welded joint (Francis et al., 2006) . Meanwhile, it is worth noting that the formation of the creep cavity expends most of the whole creep life, and once the main crack forms, the crack propagates rapidly and fractures immediately. Thus, the IV cracking shortened the creep lifetime of welded joints, which has become a worldwide problem to solve.
In order to prevent this sort of unexpected incidents, it is necessary to investigate the creep damage evolution in T/P92 joint and develop the life prediction technology. In recent years, continuum damage mechanics (CDM) has seen great development (Pandey et al., 2019; Sun et al., 2017; Voyiadjis and Kattan, 2014) , which was frequently used for the life prediction of elevated temperature parts by introducing proper damage variables. The advantage of CDM is that it could simulate the damage process and compute the stress and strain state of a material element. In this research, a multi-axial creep damage model (K-R equation) was used to describe the creep damage in T92 welded joint. In addition, a comparison between the simulation results and experimental results was carried out to verify the effectiveness of this prediction method.
Experimental work Material specification
The chemical composition of the ASME T92 steel was as follows (in mass%): 0.10C, 0.37Mn, 0.35Si, 0.18Ni, 0.38Mo, 1.58W, 0.21V, 0.05Nb, 0.03Co, 0.06Cu, 0.04N. The welded joints of T92 tube (D45 Â 10.8 mm) were prepared by means of gas tungsten arc welding (GTAW). The used weld filler wires were as follows (in mass%): 0.08C, 0.78Mn, 0.30Si, 0.52Ni, 0.29Mo, 1.52W, 0.20V, 0.03Nb, 0.91Co, 0.06N. The procedure conditions of GTAW are given in Table 1 .
Postweld heat treatment was carried out at 760 C for 90 min, and then cooled in air. At last, the creep specimens were machined out from these welded joints, and the weld metal (WM) was located in the center of specimen gauge length (see Figure 1 (a)). The thickness of this creep specimen was 8.5 mm. The width of HAZ is nearly 2.2 mm, which includes the CGHAZ and FGHAZ; besides, the weld groove is about 32 , which can be recognized in Figure 1 
Test procedure
First, creep rupture test was performed at 650 C with a constant load of 90 MPa. After 1560 h, the T92 welded joint fractured, and the fracture location is about 2 mm away from the fusion line, which indicates that the premature failure of the T92 welded joint preferentially takes place in the FGHAZ (see Figure 2 ). Then, creep interrupted tests were carried out at designated time (i.e. 312 h (20% t f ), 624 h (40% t f ), 936 h (60% t f ), 1248 h (80% t f )) in order to study the creep damage evolution in FGHAZ. After the creep exposures, the T92 specimens were cut into small pieces for metallographic observation. Detailed investigation of the microstructure by means of SEM (ZEISS-EVO18) was conducted. Since the breakage happened at the left side of fracture T92 joint, the right side of specimens was uniformly selected for investigation. Besides, the micro-hardness of joints was measured using an indentation load of 100 g (HV 0.10 ).
Results and discussion
Original microstructures of the ASME T92 welded joint
The SEM images of each region of the original T92 steel welded joint are shown in Figure 3 . This joint is composed of four regions, which include the WM, coarse-grained heat affected zone (CGHAZ), FGHAZ, and base metal (BM). It was reported that the distribution of peak temperature in T92 joint was various during the welding, therefore, the formed microstructures are different after subsequent cooling. Since the region of FGHAZ is away from the fusion line, and the carbides cannot be completely dissolution. Because the region of FGHAZ is away from the fusion line, the carbides cannot be completely dissolution. Thus, the austenitizing transition fulfills partially, which results in the formation of FGHAZ (Abe, 2004) .
In the initial state, the microstructures of WM, BM, and CGHAZ have typical tempered martensitic structure, and the WM also has coarser grain that was formed during the rapid solidification (see Figure 3 (a)). Besides, the structural feature of martensite lath boundary and prior c grain boundary can be clearly recognized in these regions, which were marked with the dashed line in Figure 3 . Meanwhile, the microstructure of FGHAZ was the tempered martensitic (Wang et al., 2017) , and the grain size of this region is much smaller than that of the other regions. Previous researches (Matsui et al., 2001; Wang et al., 2017) indicated that the lath sub-structure of martensite is a key factor to achieve the strengthening in T92 steel, due to it containing a mass of sub-grain boundaries and high dislocation density. However, the microstructure of FGHAZ is absence of martensitic laths, thus, FGHAZ is a softening region, which has lower creep resistant ability compared with the other regions.
Microstructures of the ASME T92 welded joint after creep fracture
The SEM image of the fractured T92 steel joint is shown in Figure 4 ; after the joint rupture, the microstructures of WM and BM still maintained a stable lath structure, and no creep cavity was observed in these two zones (see Figure 4 (a) and (b)). However, there are a large number of creep cavities present in the FGHAZ, which confirms that FGHAZ is the most serious damage region of the T92 welds. Previous studies (Goods and Brown, 1979; Shinozaki and Kuroki, 2003; Van Zyl, 2005) showed that the growing up and coalescence of creep void have continued up to the very late stage of the creep life, once the micro-cracks initiation and propagation, the T92 welded joint will break up in a very short period of time. As shown in Figure 4(d) , in the right side of HAZ region, the void's coalescence could be found in FGHAZ of the 1.0 t f specimen, which forebode that the cavity chains will propagate into the micro-cracks, and finally form the macroscopic type IV cracking to cause the joint failure.
The hardness profile across the T92 welded joint before and after creep fracture is shown in Figure 5 . Before creep, the WM region possesses a large hardness of about 240 HV. Meanwhile, the hardness progressively decreases with increasing distance from the fusion line, and the lowest hardness value of this joint appeared in the FGHAZ region, which is only 181 HV. After creep fracture experiment, by comparison with the original T92 joint, the hardness of WM in the fractured specimen does not change very much, but the hardness of HAZ decreased significantly, which revealed that the FGHAZ is a softening zone.
The evolution of creep damage of the ASME T92 welded joint
To investigate the evolution process of creep damage, the metallographic examination of FGHAZ of T92 welded joints was observed at the specimens with different life fraction. The SEM images of a representative overview of FGHAZ are shown in Figure 6 . The progress of the cavity evolution with increasing creep time can be clearly recognized. The results were summarized as follows: (1) within the 20% t f , there was hardly any creep cavity that can be observed;
(2) when the life fraction increase to 40%, the creep cavities can be detected, with a relatively small size; (3) after creep for 936 h (60% t f ), the number of the creep cavities increases rapidly, which were widely distributed near the grain boundaries; (4) after creep for 1560 h, it can be observed that, in the 1.0 t f T92 specimen, the cavity number and size increased simultaneously in the FGHAZ, which indicates that the creep damage is serious at the later stage. At last, the adjacent cavities join together and propagate into the type IV cracking, which cause the joint fracture. In addition, the cavity number density and size distribution in FGHAZ are shown in Figure 7 .
Numerical simulation of the creep damage of the T92 welded joint
It was once thought that the Norton creep equation could be used to describe the stresses and strains occurring in primary and secondary creep stages. However, for the life of materials controlled by fracture, it is necessary to analyze their creep behavior in the tertiary region. As a new branch of solid mechanics, CDM has seen great improvement in recent years. CDM provides a better understanding of rupture mechanics by using damage variables, which could determinate the deterioration of a material element (Yao et al., 2007) . Based on the physical nature of the damage, the damage of metal material may be interpreted as the creation of micro surfaces of discontinuities at the micro scale (voids, microcracks, etc.), which induces a loss of effective cross-sectional area that carries the load (Xiao, 2004; Z _ yczkowski, 2000) . In 1958, Kachanov introduced a continuous scalar field variable and called it ''continuity''
where A 0 is the initial cross-sectional area and A net is the effective cross-sectional area which effectively bears the load. Odqvist and Hult (Odqvist et al., 1963) introduced a more And call it ''damage variable,'' it starts from D ¼ 0 ending with D ¼ 1. Further, the concept of effective stress was introduced to describe the effect of damage on strain behavior. Stress is written as the mean density of tensile forces P acting on the effective cross-sectioñ
Lamaitre (Lemaitre and Chaboche, 1975) gave another interpretation of effective stress by introducing the concept of equivalence strain. The strain associated with a damaged state under applied stress is equivalent to the strain associated with an undamaged state under effective stress. Then, Hook's law of a damaged material in the one-dimensional case can be written as
where " is the elastic strain and E is the young's modulus of undamaged material. To reflect the deterioration of materials and describe the tertiary creep stage, Kachanov (1999) proposed a phenomenological method. For uniaxial tension, he suggested the constitutive equations
This is the so-called classical Kachanov-Robotnov equations, _ " c is the creep strain state, and the K, A, n, m, p, q are time and temperature-dependent material constants and can be determined from uniaxial creep tension tests. Integrating the equation set under the conditions of D ¼ 0 when t ¼ 0 and D ¼ 1 when t ¼ t r , the rupture time and creep strain are obtained by
where ¼ p þ 1 p þ 1 À q, _ " 0 ¼ K n . Beside, the creep rupture strain can be written as For the components subjected to the complicated stress states, it is essential to generalize the creep damage constitutive equations from uniaxial stress conditions to multi-axial stress (Hongo et al., 2013; Hyde et al., 2006; Perrin and Hayhurst, 1996; Zhao et al., 2012) . Typically, the multiaxial creep Kachanov-Robotnov equations can be expressed as
where " c ij is the creep strain tensor, is the von Mises equivalent stress, 1 is the maximal principal stress, S ij is the deviatoric stress tensor, D is the damage variable, D cr is the critical damage, and D/ D cr is the damage factor. When D/D cr ¼ 1 means that the material is damaged completely. is the multiaxial stress parameter (0 < < 1), , g, and are material constants accounting for the inhomogeneity of the damage, where represents the volumetric ratio of the damage phase. A 0 , B, v, and n are the material constants related to the minimum creep strain rate and rupture behavior, which can be described as follows
where _ " c min is the minimum creep strain rate, t f is the rupture time, and is the applied stress under the uniaxial creep test.
In this research, the user defined material subroutine (UMAT) is compiled based on modified Kachanov-Rabotnov constitutive equation. The creep damage accumulation in a welded joint of ASME T92 steel at 650 C and 90 MPa was calculated by ABAQUS with subroutine. The material properties of different zones are listed in Table 2 (Zhao et al., 2012) .
We establish a two-dimensional model containing four zones (i.e. WM, CGHAZ, FGHAZ, and BM). The model size is simplified from the experimental creep specimen, which are 20 mm long Â 8.5 mm wide with a WM width of 7 mm, and a HAZ width of 2.2 mm (the FGHAZ width is 1 mm, the CGHAZ width is 1.2 mm) (see Figure 8 ). The model is fixed at the left side, and a uniform tensile stress of 90 MPa is applied at the right side. It should be noted that the variation in material properties in real welded joints is continuous; however, in order to reduce model complexity, the welded joint was considered to consist of WM, CGHAZ, FGHAZ, and BM, individually. Figure 9 represents the creep damage contours in this welded joint with various creep times. Compared with the other zones in this joint, the FGHAZ reveals a significantly higher degree of damage in the creep process, which manifest that the FGHAZ is the weakest part of the welded joint. Besides, the results of simulation show that the damage factor (D/D cr ) of most elements in FGHAZ reaches to 1 in the 1.0 t f specimen, which means that the welded joint is completely damaged after creep for 1560 h. Meanwhile, compared with the experiment result in Figure 2 , it can be seen that after creep for 1560 h, the welded joint fractured on the one side of the FGHAZ, which verified the effectiveness and availability of this numerical simulation method.
The distributions of the right side of equivalent creep strain, equivalent stress, and maximum principal stress along the centerline of the specimen are evaluated to investigate the creep damage in the welded joint. Figure 10(a) shows the equivalent creep strain in the welded joint after different creep times; it can be seen that the equivalent strain is low in the WM and BM regions away from the HAZ but large in the FGHAZ. Moreover, with the creep time increasing, the equivalent strain of the FGHAZ is accumulated faster than that of other zones in the welded joint, which indicates that the creep damage is accumulated more easily in the FGHAZ, and this may be the main reason for type IV cracking formation in the FGHAZ. Figure 10 (b) shows the equivalent stress in the welded joint after different creep times; it can be identified that, after a long creep time, there is a significant difference of stress distribution in the WM, CGHAZ, FGHAZ, and BM. For the CGHAZ/FGHAZ and FGHAZ/BM interface, the equivalent stress is low in the FGHAZ but high in the CGHAZ and BM regions adjacent to the FGHAZ. This means that if FGHAZ creeps BM and CGHAZ deform less and will impose constraints on the FGHAZ to prevent its creep deformation. The constraint leads to high equivalent stress in the CGHAZ and BM region and causes the stress concentration in CGHAZ/FGHAZ and FGHAZ/BM interface. Figure 10(c) shows the distribution of maximum principal stress in the welded joint, compared with the WM, CGHAZ, and BM; we could see that the maximum principal stress is higher in the FGHAZ. Meanwhile, the larger creep damage also occurs in the FGHAZ, which may indicate that the maximum principal stress plays an important role on the accumulation of the creep damage. Shinozaki and Kuroki (2003) suggested that despite the equivalent stress being low in the FGHAZ, the high maximum principal stress also indicates there is a severe stress state in this region. Further, Jablokov et al. (2001) have found that the high maximum principal stress could also accelerate the growth and coalescence of creep voids, which result in the subsequent micro-crack formation during creep.
Generally, it is believed that the equivalent creep strain could represent the extent of creep deformation and should be considered to be an important parameter to evaluate the creep damage. Goods and Brown (1979) believed that there exists a critical strain to cause the void nucleation; below this strain the void does not occur; Van Zyl (2005) believed that the creep strain rate is directly proportional to the void formation rate, and further, could be used to predict the creep void occurrence in welded joints. Besides, the process of type IV cracking can be described based on the stressstrain analysis. When stress is applied, stress and strain concentrations occur due to different material properties in the welded joint. The strain concentration in the FGHAZ increases with creep time and the high equivalent strain leads to the occurrence of creep voids. After a long creep time, many creep 
